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Abstract— Despite its high chemical stability, sputtered 
stoichiometric TiN can still be oxidized at temperatures below 
400 ºC, whereas a non-stoichiometric TiN is known to oxidize 
even at room temperature. In this work, the oxidation behaviour 
of thin TiN layers, realized via atomic layer deposition (ALD), is 
investigated. Our experiments on thermal oxidation of ALD TiN 
revealed the existence of a linear and parabolic regime. The 
extracted activation energies for the parabolic regime resemble 
the values obtained earlier for sputtered TiN (i.e., 2.0 eV and 1.55 
eV for dry and wet oxidation, respectively). Oxidation of ALD 
TiN layers in reactive plasma’s showed the existence of two 
regimes; the first regime is linear and independent of 
temperature while the second regime depends on the 
temperature. 
 
Index Terms— Titanium Nitride, Thermal / Plasma oxidation, 
Atomic Layer Deposition, Passivation 
 
I. INTRODUCTION 
ITANIUM Nitride (TiN) is a metal nitride known for its 
high thermodynamic stability, high corrosion resistance, 
low friction constant, low electrical resistivity, and high 
mechanical hardness. It has found application in IC 
technology as for example diffusion barrier [1], antireflective 
coating [2], gate material [3] and current conductor [4]. In 
MEMS, TiN is used as a heater in micro hotplates [5]. TiN 
can be deposited via a variety of techniques including physical 
vapour deposition (PVD) [6], low pressure chemical vapour 
deposition (LPCVD) [7] and atomic layer deposition (ALD) 
[8]. The properties of the TiN films are strongly influenced by 
the film stoichiometry, crystallinity, morphology, and hence 
the deposition method. 
The oxidation behaviour of sputtered (i.e. PVD) 
stoichiometric TiN thin films has been studied by others [9-
11]. No significant oxidation at temperatures below 400 ºC [9] 
was observed, whereas for non-stoichiometric TiN films the 
oxidation occurred even at room temperature [11]. Although 
the electrical and optical properties of ALD TiN layers have 
been studied recently [8, 12], the oxidation behaviour of thin 
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ALD layers of TiN is not investigated. To further explore the 
use of ALD TiN for high temperature applications such as 
MEMS hotplates [5] or in low-temperature plasmas, both the 
stability and evolution of the layer properties at different 
temperatures, during the device operation or processing in 
reactive plasmas, must be investigated.  
In this work, we present new results on thermal oxidation 
(both dry and wet) of thin (< 10 nm) ALD TiN films in the 
temperature range of 300-500 ºC. Furthermore, results on 
oxidation in reactive plasmas are discussed as well as the 
effectiveness of sample passivation with 20-50 nm thick 
layers of Si3N4, SiO2 and Al2O3.  
 
II. EXPERIMENTAL 
ALD TiN layers of 10 nm (400 cycles) were grown from 
TiCl4 & NH3 at 425 ºC in our home built ALD reactor [13] on 
standard p-type silicon wafers with 100 nm thermally grown 
SiO2. Before deposition, samples were cleaned in 100% HNO3 
for 10 min followed by immersion in boiling 69% HNO3 for 
10 min, and further etched in 1% HF for 30 s. After 
deposition, several samples were passivated by 50 nm ALD 
Al2O3, by 40 nm ICPECVD SiO2 or by 25 nm ICPECVD 
Si3N4. All the mentioned passivation layers were deposited 
without vacuum break in the same deposition system. A 
number of TiN samples were passivated by 50 nm PECVD 
SiO2 after their short exposure to air.  
The samples were oxidized in a horizontal tube furnace in 
dry (4 sccm N2, 1 sccm O2) or wet (H2O bubbler with N2 at 30 
oC) ambient in the temperature range of 350-600 ºC. The 
plasma oxidation was carried out in an inductively coupled 
plasma (ICP) reactor at 300W ICP-RF power, a pressure of 6 
× 10-2 mbar, 200 sccm of Ar flow and 44 sccm of N2O flow, 
and temperatures in the range of 25-300 ºC. The oxidation 
process was ex-situ (dry / wet oxidations) or in-situ (plasma) 
monitored using a spectroscopic ellipsometer (SE) Woollam 
M2000DI operated in the wavelength range between 245 and 
1688 nm. Furthermore, both the thickness and composition of 
as-deposited (AD) and oxidized TiN layers was verified by 
Rutherford Backscattering Spectroscopy (RBS) in 
combination with elastic recoil detection (ERD). Partly 
oxidized samples were investigated using Energy Filtered 
High Resolution Transmission Electron Microscopy (EF/HR-
TEM). 
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III. RESULTS AND DISCUSSION 
A. Oxidation experiments 
In fig. 1 results are shown for the dry and wet oxidation at 
400 ºC. It is observed that the oxidation mechanism follows 
the linear parabolic law in accordance with the classic Deal-
Grove oxidation model [14]. For the linear regime, the 
formation of first 3-6 nm of TiO2 is limited by the reaction 
kinetics. For the parabolic regime, the oxidation is limited by 
the diffusion of oxidizing species through the oxide layer. The 
activation energies of the dry and wet oxidation are extracted 
from the Arrhenius plots (not shown) for both the linear and 
parabolic regimes. The activation energies for the parabolic 
regime (2.0 eV and 1.55 eV for dry and wet oxidation, 
respectively) were similar to those obtained for sputtered TiN 
[9]. 
In fig. 2 results are shown for plasma oxidations at 25 ºC 
and 300 ºC. Two oxidation regimes are clearly distinguished. 
The first regime is linear with a slope of ~1.8 nm/min for both 
temperatures. The second regime also exhibits a close-to-
linear behaviour for the measured deposition times up to 125 
min. A linear fit clearly indicates two different slopes, namely 
~2 × 10-3 for 25 ºC and 8 × 10-3 nm/min for 300 ºC. The 
existence of two regimes is likely an indication of two 
different oxidation mechanisms. In the very narrow first 
regime, the oxidation rate can be limited by temperature-
independent processes such as e.g. electron tunnelling through 
the growing oxide [15, 16]. In the second regime, the 
oxidation can still be limited by the reaction kinetics because 
no significant parabolic component (i.e., limitations by 
diffusion) is yet observed for such small TiO2 thicknesses.  
 
Passivated samples were oxidized in dry and wet ambient at 
400, 500 and 600 ºC. From SE analysis no significant 
oxidation (i.e., both ΔTiN and ΔTiO2 <10%) was observed. 
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Fig. 1.  TiO2 thickness versus time for dry (a) and wet (b) oxidation at 400 ºC. 
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Fig. 2.  TiO2 thickness versus time for plasma oxidation at 25 ºC (a) and 300 
ºC (b). 
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B. Material characterization 
The elemental composition of as-deposited and fully 
oxidized TiN samples was examined by means of RBS. The 
as-deposited TiN is stoichiometric and contains small 
fractions of chlorine (Cl, 2%) and hydrogen (H, 5-10%). The 
fractions of Cl and H are most likely the result of partly 
decomposed precursors (TiCl4 and NH3). The fully oxidized 
TiN (wet oxidation at 500 ºC for 45 min) results in 
stoichiometric TiO2 with small fractions of Cl (1%) and H 
(3,5-7%). 
A TEM cross-section of a partly oxidized sample (25 nm of 
TiN on Si followed by a wet oxidation at 400 ºC for 2 hours) 
is shown in fig. 3. The TiN grains of ca. 20 nm oriented 
perpendicular to the surface are observed, covered by an 
inhomogeneous layer of polycrystalline TiO2. Furthermore, a 
very thin layer of most likely SiO2 is observed between the Si 
substrate and the TiN thin film. The native oxide on the 
silicon substrate was etched in 1% HF before the TiN 
deposition. Therefore we believe this SiO2 layer is formed 
either during the ALD of TiN or as a result of oxidation of the 
silicon during the TiN thermal oxidation. 
The elemental composition of the partly oxidized sample 
was measured using EFTEM and is shown in fig. 4a. The 
elemental maps in fig. 4a are quantified and integrated in the 
over the selected square areas resulting in the depth profiles 
shown in fig. 4b. The reduced titanium (Ti) signal close to the 
surface is in accordance with the TiO2/TiN layer composition. 
The same applies to the higher oxygen signal near the surface 
and the higher nitrogen signal near the substrate. However, a 
relatively large oxygen signal near the substrate is observed. 
We believe that this is a result of oxygen diffusion into the 
TiN via the grain boundaries. As the sample for EFTEM is 
relatively thick (~50-100 nm), multiple grain boundaries at 
various positions within the layer contribute to the TEM 
image leading to an averaged-in-space oxygen map. The same 
applies to the relatively large nitrogen signal near the wafer 
surface. 
IV. CONCLUSIONS 
For ALD TiN layers, linear and parabolic regimes are 
distinguished for thermal oxidation in both wet and dry 
ambient. The extracted activation energies for the parabolic 
regime are in agreement with the literature values known for 
stoichiometric sputtered TiN layers. In plasma oxidation 
experiments, two regimes are distinguished. The first very 
narrow regime is independent of the temperature, while in the 
second regime the oxidation rate increases with temperature. 
The existence of two regimes likely indicates two different 
oxidations mechanisms. No significant oxidation was 
observed for passivated samples at temperatures up to 600 ºC. 
From the material analysis, it is shown that both as-deposited 
and fully oxidized TiN layers are stoichiometric and contain 
small fractions of Cl and H. Gradual N- and O-concentration 
profiles are observed across the layer thickness for the partly 
oxidized sample, probably pointing to the enhanced grain-
boundary diffusion. 
 
Fig. 3. HRTEM cross-section of a partly oxidized TiN sample; 25 nm TiN on a 
silicon substrate after wet oxidation at 400 ºC for 2 hours. 
 
(a) 
 
 
(b) 
 
Fig. 4. Elemental mappings (a) using energy filtered TEM (EFTEM) for 
nitrogen, titanium and oxygen. Corresponding depth profiles (b) obtained from 
quantification and integration of the selected square areas. 
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